a b s t r a c t Self-modulation of particle beams in a plasma was proposed as a new concept to enable plasma wakefield acceleration with long driver beams. An experiment is in preparation at the Photo Injector Test facility at DESY, Zeuthen site (PITZ), to demonstrate and characterize self-modulation of an electron beam. Key elements for this are the highly flexible photocathode laser system and the well-developed beam diagnostics. Preparations for the experiment have started at PITZ. In a first step a suitable insertion point for the plasma cell was determined with beam dynamics simulations. It was decided to use laser ionization to generate the plasma since this technique is capable of providing a homogeneous plasma channel with sufficient size (1 mm diameter, 60 mm length) and density (10 15 cm À 3 ). Two different ways were found to generate the plasma, utilizing either field ionization with a 1 TW Ti:Sapphire laser or single photon ionization with a 400 mJ ArF excimer laser. As opposed to previously realized designs the ionization laser is coupled from the side, orthogonally to the electron beam direction.
Introduction
Plasma wakefield acceleration (PWFA) was proposed as an alternative to conventional acceleration methods, promising accelerating fields which are orders of magnitude higher [1] . As a striking example, energy doubling of 42 GeV electrons has been demonstrated recently in a meter-scale PWFA experiment [2] .
As a follow-up experiment, it has been proposed by the AWAKE collaboration to use high energetic proton beams from CERN to drive a plasma wave which is able to transfer the proton beam energy to accelerate electron beams to the TeV-energy scale in a single plasma stage [3] . To minimize the needed size of the plasma stage it is important to have a high acceleration field, which is maximized when the proton bunch rms length roughly equals the plasma wavelength [3] . For typical plasma densities in the range of 10 14 to 10 17 cm À 3 the bunch length should therefore be about 100 μm to 1 mm. The problem now is that existing proton machines produce much longer bunches on the order of 10 cm. It was proposed to use plasma-beam instability to modulate the long proton beam at the plasma wavelength to produce a bunch train which is able to resonantly drive large plasma waves for acceleration [4] . So far this concept of self-modulation was only shown analytically and in simulation [5, 6] , but not conclusively in experiment (best results so far in Ref. [7] ). It would be well worth to conduct such self-modulation experiments before attempting the main plasma acceleration experiment to study characteristics as dephasing, hose-instability, etc. Since the underlying physics is the same it is valuable to gain insight into the experimental conditions with electron bunches, which are easier to handle, before proceeding to the experiment with proton bunches. It was suggested [8] to utilize the Photo Injector Test facility at DESY, Zeuthen site (PITZ), which offers a unique possibility to study and demonstrate experimentally the self-modulation of long electron bunches in plasma. Therefore it was decided to build a plasma cell and insert it into the PITZ beam line. Favorable circumstances to do this at PITZ are the unique photoinjector laser system which is described in Section 2 and the well-developed diagnostics in the PITZ beam line [9, 10] . This includes as a centerpiece a measurement setup for the longitudinal phase space consisting of a transverse deflecting cavity and a high resolution electron spectrometer which will be commissioned in the near future. Initial simulations showing the feasibility of the PITZ experiment are discussed in Section 3. The topics of Sections 4 and 5 are beam simulations of the insertion of the plasma cell into the PITZ setup and optical simulations of the ionization of a plasma channel, respectively. The design of the plasma cell is described in Section 6.
Photoinjector laser
The PITZ photoinjector laser was developed and built by the Max Born Institute Berlin (similar to the system described in Ref. [11] ). Its purpose is to generate pulse trains to drive the photocathode of the electron linac. A key element of this laser is the pulse shaper [12] , which purpose is to generate a temporal flat top pulse from an incoming Gaussian shaped pulse. It contains 13 temperature controlled birefringent crystals mounted on motorized rotation stages. The crystals split the pulses according to their polarization where the relative amplitude of the two output pulses can be varied freely by adjusting the angles of the crystals. The delay between the output pulses is given by the crystal thickness. If adjusted properly the output can be a flat top pulse with rise and fall times given by those of the input Gaussian pulse (about 2 ps for PITZ) and the full width at half maximum (FWHM) length of the pulse can be up to 25 ps.
The nominal flat top pulse which will also be used in the initial self-modulation experiments is shown in Fig. 1(a) . Beyond that standard shape the pulse shaper is flexible enough that other pulse forms can be generated which could be of advantage in plasma acceleration experiments at PITZ. An example is depicted in Fig. 1(b) : here the flat top pulse is shortened, demonstrating the ability to adjust the pulse length if needed. Additionally the flat top is modulated which could help to start the self-modulation process.
PIC Simulation of the PITZ experiment
In order to evaluate the feasibility of a self-modulation experiment at PITZ a Particle In Cell (PIC) simulation of the process was conducted with electron beam parameters typical for PITZ operation [8] , as given in Table 1 .
Shown here is a 3D simulation using the fully relativistic, massively parallel particle-in-cell code OSIRIS [13] . The simulation uses a moving window (8.4 mm Â 3.4 mm Â 3.4 mm) that propagates at the speed of light c, with resolutions of k p Δz ¼ 0:1 and k p Δy ¼ k p Δx ¼ 0:04 (k p is the wavenumber of the plasma wave) for the longitudinal and transverse sizes, with 2 Â 2 Â 2 plasma and beam particles per cell. Fig. 2 shows the properties of an electron bunch after 67.6 mm propagation in a homogeneous plasma with a density of 10 15 cm À 3 . At this point, the self-modulation has completely developed and has already reached the saturation point. (Fig. 2(c) ) is modeled according with the wakefields developed by the self-modulation in plasma. The measurement of the longitudinal phase-space of the originally flat-top PITZ beam after the propagation in plasma is the primary goal for the PITZ experiment, since it reflects the main phenomenological features of the self-modulation: the exponential growth in magnitude of the wakefields, leading to a perfectly sinusoidal signature in the longitudinal phase-space, and their dephasing in respect to the beam velocity, which could be estimated by the deviation of the ideal behavior [5] . The expected energy modulation in the experiment is about 400 keV ( Fig. 2(c) ) with a measured energy spread of the PITZ beam being as low as 60 keV, while the simulated energy resolution of the PITZ setup utilizing a transverse deflecting structure (TDS) and a dipole spectrometer (HEDA2) with ideal beam transport is 10 keV [14] .
The simulated longitudinal resolution with ideal beam transport is 100 μm which is much less than the self-modulation period of 1 mm given by the plasma wavelength. Therefore we expect to be able to resolve the signature of the self-modulation in the longitudinal phase space.
Insertion of the plasma cell into the PITZ setup
After showing the feasibility of the concept, preparations started to realize the self-modulation experiment in the PITZ beam line (current configuration shown in Fig. 3 ). First task here was to find the optimal location to insert the plasma cell, which generates the necessary plasma, into the beam line where high brightness electron beams are generated by the photo effect using a Cs 2 Te cathode and are accelerated in an L-band RF gun cavity in general up to 6.5 MeV, corresponding to a momentum of about 7 MeV/c (low energy section). The electron beam gets its final energy of maximal 25 MeV in the high energy section, after the CDS (cut disc structure) booster cavity. The following dipole is deflecting the beam by 1801 for different studies, particularly for the final beam energy measurements. The plasma cell has to be inserted after the booster where nominal electron beam properties are reached and before the TDS which will be used to characterize the self-modulated beam. Additionally it has to be taken into account that several components within this area cannot be moved since they are needed for other experiments. This includes the 1801 dipole, the matching section for the phase space tomography which is located right in front of the TDS, and several screen stations (H1.S1; 3; 4 and 5-see Fig. 4(a) ) which are used to measure transverse phase space. This leaves two scenarios allowing a length of the plasma cell plus periphery of about 1 m, which are described and compared in the following.
A space charge tracking algorithm (ASTRA) [15] was applied to track the electron beam to the predefined two possible central positions of the plasma chamber (in the middle of the open space in each scenario), i.e. until the point where the beam will enter the plasma. The goal in the simulations was to reach the highest possible electron beam density at the starting point of beamplasma interaction, by smooth transverse focusing of the beam. In the simulation setup the photocathode laser temporal profile was considered a flat top with 22 ps FWHM length and with 2 ps rise and fall times. The laser rms spot size at the cathode was chosen to be 0.3 mm for 100 pC bunch charge. The gradient of the RF gun was set to 61 MV/m corresponding to about 6.7 MeV/c beam momentum after the gun. The peak field in the second accelerating module (CDS booster) was tuned to achieve a final beam momentum of 21.5 MeV/c. Half a million macroparticles were used in the simulations. In both cases the magnetic strength of the main solenoid was chosen for minimal beam spot size at the first screen station in the high energy section (H1S1). Two pairs of quadrupoles were used to further focus the beam transversely. The simulations were carried out in two steps. Firstly, the electron beam was tracked to 5.1 m downstream the cathode by using the 2D space charge routine in ASTRA. Quadrupole focusing was applied afterwards for the final beam transverse focusing by using the 3D space charge settings. The principal part of the simulation setup starting from the first quadrupole in the high energy section until the matching section is illustrated in Fig. 4 . The quadrupoles (sketched as diamonds) are introduced in numbers, from one to four, and the screen stations are presented as H1S#, i.e. H1S1 is the first screen in the high section, etc.
The components which should not be removed/replaced are colored in green. The yellow marked components (H1.S2 and quadrupoles 3 and 4) can be removed/replaced. The plasma cell is presented in red. The numbers written above the components convey their middle position in meter as calculated from the cathode. Fig. 4(a) shows the current situation. Two possible scenarios for plasma cell arrangement in the PITZ beamline are shown in Fig. 4(b) and (c). In order to decide which scenario is preferable both possibilities were simulated. The calculated electron beam parameters are very similar for both setups with the main difference being that the transverse beam focusing is easier achievable for Setup 1. This is illustrated in Fig. 5 , where the transverse electron beam sizes along the beam line for the two different setups are shown. The beam sizes at the plasma cell are very similar but the focusing gradient is lower for Setup 1 which relaxes alignment and makes it easier to capture the beam at the exit of the plasma cell.
This means that a candidate position for the plasma cell insertion into the PITZ beam line was identified.
Ionization of plasma channel
The next step in preparing the self-modulation experiment was to develop a concept for a plasma cell, generating and confining the plasma. There are three basic approaches: in plasma discharge a high voltage pulse is applied to a gas cell, leading to collision ionization of the gas. This is often done in capillaries and the main difficulty here is to generate a homogenous plasma density. The second approach is to heat a gas with an RF wave (helicon wave). This works well for lower densities, but was not shown yet for the densities (around 10 15 cm À 3 ) which are targeted in the PITZ experiment. Therefore it was decided to use laser ionization in a heat pipe oven, following the basic design of Muggli et al. [16] . In this design Lithium or a different alkali metal with a low ionization potential is evaporated in a central pipe which also works as the beam pipe for the electron beam. The beginning and end of the Lithium zone is defined with a steep temperature gradient and Helium buffer gas. Thin windows separate the Helium zones at the outer ends from the beam pipe vacuum. Once the pressure regions have stabilized the Lithium gas is ionized with a laser which can be done in two ways:
(1) Field ionization: this is a nonlinear process where a high intensity laser beam is used to ionize the metal vapor. This process is independent of the laser wavelength, important here is the strength of the electrical field of the laser wave. Above a certain threshold this field is strong enough to deform the atomic orbitals so far that the outer shell electrons are freed to ionize the atoms in a process called barrier suppressed ionization (BSI). An advantage of this process is that within the volume where the laser intensity is above that threshold complete ionization can be reached. (2) Single photon ionization: this is a linear process where light with a sufficiently short wavelength is absorbed by the metal vapor. The photon energy is high enough to transfer enough energy to the electrons to ionize them. UV light is needed for this process, e. g. with a wavelength of less than 231 nm in the case of Lithium, which has an ionization potential of 5.39 eV. This leads to partial ionization of the gas volume dependent on the laser intensity, asymptotically reaching full ionization for very high intensities.
Typically the ionization laser is coupled into the plasma cell on-axis [16] . This is not possible at PITZ in the above described scenarios because of space restrictions. Therefore the existing design concept of the heat pipe oven was modified to a crossshaped structure where the electron beam travels through one pipe and the ionizing laser is coupled into the oven through the orthogonal pipe. The four buffer gas regions are connected like the two regions in the original design and the orthogonal pipe is terminated with optical windows as coupling ports for the laser. An advantage of this configuration is the availability of side ports for optical characterization methods, e.g. interferometry for density measurement. Concepts based on the two ionization processes are described in the following.
Field ionization
For this scenario it is assumed to use a short pulse Ti:Sapphire laser to ionize Lithium vapor in the plasma cell. In order to assure complete ionization the BSI threshold intensity has to be reached which is I th ¼ 3:4 Â 10 12 W=cm 2 . Since in our case we operate with short pulses of around 100 fs, the cw threshold value was adjusted following the calculations in Ref. [17] to 5 Â 10 12 W=cm 2 , which was used as the target intensity in the following simulations. According to experiences from the PIC simulations of the selfmodulation experiment the minimum dimensions of the plasma channel was defined as 1 mm diameter and 60 mm length relative to the electron beam axis. A schematic of this ionization principle is shown in Fig. 6 .
A view from the top is shown in Fig. 6(a) . The laser is coupled into the plasma chamber in x-direction, perpendicular to the electron beam. Multiple passes of the laser are used to reduce the laser beam cross-section and thereby the necessary pulse peak power of the laser. This means that the plasma channel is built up from several sections, each 10 mm wide in z-direction one after another. The build-up time of a 60 mm long channel is about 10 ns which is much smaller than the lifetime of the plasma which is several μs [16] . The length of the laser pulses is only 30 μm, therefore no interference will occur in the plasma channel. Finally, the plasma density is low enough that the influence on the laser pulse from the plasma generated in earlier passes is negligible. One of these passes is illustrated in Fig. 6(b) , in a view along the electron beam axis. Focusing mirrors are used to reach an intensity near the focus which is high enough to ionize the Lithium vapor while the intensity at the mirrors and plasma cell windows is below the damage threshold of these materials. Since the beam waist is small ð o 100 μmÞ it is shifted laterally in x-direction relative to the electron beam to achieve a plasma extension of at least 1 mm around the electron beam. The mirrors will have to be aligned carefully to generate a continuous plasma channel along the electron beam axis with the correct orientation.
A practical design was developed using the Zemax (Radiant Zemax) physical optics propagation tool. The ionization laser was assumed to be a Ti:Sapphire laser with 1 TW peak power having a typical supergaussian lateral laser profile with 10% rms amplitude noise and random phase front errors up to λ=10. For the beam line paraxial lenses and perfect mirrors were used; nonlinear effects, most importantly Kerr nonlinearity (dependency of the refractive index on the optical intensity), were neglected. Simulation results of the optical intensity in a cut parallel to the vertical axis are shown in Fig. 7 for the first crossing of the laser beam with the electron beam axis.
The optical intensity distribution is shown for three positions along the x-axis (propagation direction of the laser) around the electron beam axis. The horizontal bar (red) in each graph represents the BSI threshold intensity of 5 Â 10 12 W=cm 2 , indicating full ionization. The thickness of the ionized region in vertical direction (y-axis) is decreasing towards negative x-values indication the approach to the focus. But the simulations show that a region with 1 mm diameter can be fully ionized perpendicular to the electron beam axis. Simulation results of the optical intensity in a cut parallel to the electron beam axis are shown in Fig. 8 .
As in Fig. 7 , the horizontal bar (red) in Fig. 8 represents the BSI threshold intensity of 5 Â 10 12 W=cm 2 , indicating full ionization, in this case over a length of 58 mm along the electron beam axis. Together these simulations show that a plasma region can be Simulation results of the optical intensity in a cut parallel to the vertical axis (y-axis). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.) Fig. 8 . Simulation results of the optical intensity in a cut parallel to the electron beam axis. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.) generated using a 1 TW peak power Ti:Sapphire laser which is big enough for self-modulation experiments at PITZ.
Single photon ionization
For this scenario it is assumed to use an ArF excimer laser to ionize Lithium vapor in the plasma cell. The ionization here is a linear process and the absorption of the laser energy E by the neutral vapor is modeled by the Lambert-Beer law
with the extinction coefficient α ¼ s x N v , s x representing the atomic cross-section and N v the number of atoms of the vapor per cubic unit. The principle setup is shown in Fig. 9 .
In the simplest scenario the ArF laser is passing just once through the vapor resulting in a certain plasma density in the vicinity of the electron beam ("usable plasma channel"). But to utilize the laser energy more efficiently we modeled multipass configurations where the laser is reflected back into the plasma cell several times. The evolution of the plasma density was calculated by splitting the vapor column into normalized voxels, and recording the energy difference, ΔE from the beam entering and exiting each voxel for one pass through the system. Assuming the absorbed energy is quantized into photons -N p ¼ ðΔE Á λÞ=ðh Á cÞ with the wavelength λ and Planck's constant h -and every photon absorbed equates to an ionization event releasing one electron. Thus we calculated the electron density, N e for each voxel and the corresponding reduction of the vapor density N v;n ¼ N v À N e . For any further nth-pass the energy exiting the system is reinserted once again, with any potentially applicable losses, and computed using the Beer-Lambert law on a voxel-byvoxel basis with the modified vapor density terms for each voxel. The energy entering each voxel is equal to the energy exiting the previous voxel. One can then summate the energy absorbed per voxel and directly relate that to the plasma density in each voxel for however many reflections through the system. Fig. 10 shows achievable plasma densities as a function of the vapor density and the number of passes.
The plasma density in the center of the plasma cell shows a maximum which is a function of the vapor density and the ionization laser intensity. Reducing the vapor density results in a reduced plasma density since fewer atoms are available for ionization. Increasing the vapor density above the maximum leads to a reduced plasma density because less laser energy is reaching the center of the plasma cell, being absorbed beforehand. The plasma density for a particular voxel increases with each pass of the laser but most of the ionization is achieved with the first few passes owing to the strong reduction of the laser pulse energy due to absorption. Therefore the ionization setup should be implemented with a single pass or few passes at most to reach a plasma density of 10% of the vapor density. As an example, given a Lithium vapor density of 5 Â 10 16 atoms=cm 3 , which is the optimal value for the plasma cell setup given in Fig. 10 , and 6 passes of the laser beam, a plasma density of 1:3 Â 10 15 cm À 3 is achieved. To generate a plasma channel of 10 mm diameter (for ease of electron beam alignment) and 60 mm length with a plasma density of 10 15 cm À 3 an ionization laser pulse energy of a few 100 mJ is needed. An ArF excimer laser with 400 mJ pulse energy was bought by PITZ together with the University of Hamburg for the self-modulation experiment.
Design of plasma cell
Based on the results as presented in the last section it was decided to design and build a cross-shaped plasma cell for the PITZ experiment which is shown as a design model in Fig. 11 .
The length of the plasma cell in electron beam direction (beam pipe) of 500 mm is restricted by the available space in the PITZ beam line but is sufficient to generate a homogeneous Lithium vapor column of 100 mm length [18] . Following the plasma cell design in Ref. [16] the Lithium column in the beam pipe is buffered on both sides with Helium which is cooled with water cooling jackets. The beam pipe is terminated on both sides with 25 μm thick Kapton foils which separate the Lithium/Helium atmosphere within the plasma cell from the beam vacuum when inserted into the PITZ beam line. The inside of the oven will be covered with a steel mesh functioning as a wick of the heat pipe oven. The orthogonal pipe was designed as a feed of the ionization Fig. 9 . Scenario for plasma ionization with an ArF laser (view from top). Sketch is not to scale. laser, especially taking into account the dimensions needed for the Ti:Sapphire laser. The opening of the beam pipe to the sides is 20 mm Â 120 mm to allow side ionization of the plasma channel. From there the side parts are opening up to allow expansion of the laser beam towards the outer mirrors. When using an ArF laser this cone shaped expansion could be utilized for multipass ionization. The ends of the orthogonal pipe are buffered with Helium in the same way as the beam pipe to prevent that Lithium covers the laser entrance windows which are terminating the sides. Water cooling is used here in the same way as in the cooling jackets of the beam pipe. All four Helium areas are connected for pressure equalization.
Summary
Self-modulation of particle beams in a plasma was proposed as a new concept to enable plasma wakefield acceleration with long driver beams. Since this concept was not demonstrated unambiguously yet experimentally, an experiment is in preparation at PITZ (DESY, Zeuthen site) to demonstrate and characterize selfmodulation of an electron beam. Key elements for this are the highly flexible photocathode laser system and the well-developed beam diagnostics. To show the feasibility of this proposal, PIC simulations based on PITZ electron beam and expected plasma parameters were conducted, showing a well formed selfmodulation signal in the longitudinal phase space.
Preparations for the experiment have started at PITZ. In a first step a suitable insertion point for the plasma cell with the middle of the plasma cell about 6.4 m downstream the photocathode was determined with beam dynamics simulations. The available space for the plasma cell plus periphery is about 1 m which is sufficient. It was decided to use laser ionization to generate the plasma since this technique is capable of providing a homogeneous plasma channel with sufficient size (1 mm diameter, 60 mm length) and density (10 15 cm À 3 ). Two different ways were found to generate the plasma, utilizing either field ionization with a 1 TW Ti:Sapphire laser or single photon ionization with a 400 mJ ArF excimer laser. As opposed to previously realized designs the ionization laser is coupled from the side, orthogonally to the electron beam direction. A plasma cell fitting all the needs was designed and is currently under construction.
